A gentamicin-resistant mutant of Pseudomonas aeruginosa PA0503 was selected after ethyl methane sulfonate mutagenesis. The strain, P. aeruginosa PA02401 had increased resistance to all aminoglycosides tested but exhibited no change for other antibiotics. The mutation designated aglA (aminoglycoside resistance) was 50% cotransducible with the 8-min ilvB,C marker on the P. aeruginosa chromosome. It showed a marked reduction in cytochrome c52 and nitrate reductase (Nar) and a change in terminal oxidase activity. Cytochrome c552 is a component of the P. aeruginosa Nar. No changes in succinate and reduced nicotinamide adenine dinucleotide dehydrogenases, ubiquinone content, Mg2"/Ca2" membrane adenosine triphosphatase, and energy coupling of electron transport to adenosine 5'-triphosphate synthesis were detected. Transport of gentamicin and dihydrostreptomycin was impaired in PA02401, but transport of proline, arginine, glutamine, glucose or the polyamine spermidine was not reduced. Ribosomes of PA02401, and PA0503 bound dihydrostreptomycin equally well, and cell extracts did not inactivate gentamicin or dihydrostreptomycin. Strain PA02401 is resistant to gentamicin and dihydrostreptomycin because of impaired transport of these compounds. The transport studies indicate a selective coupling of dihydrostreptomycin and gentamicin transport with terminal electron transport. This conclusion was supported by results from another mutant (PA0417-T2) with increased Nar activity, enhanced dihydrostreptomycin and gentamicin transport and a reduction in resistance to these drugs. These results are discussed in relation to a refined model for aminoglycoside transport and briefly relative to plasmid-mediated aminoglycoside resistance.
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To provide more information concerning bacterial transport of aminoglycosides, gentamicin (Gm)-resistant mutants of Pseudomonas aeruginosa were selected after ethyl methane sulfonate mutagenesis. Gm was used for selection, since mutation affecting ribosomes are much less common than when selecting for resistance with streptomycin (Sm). P. aeruginosa was used because strains showing resistance to aminoglycosides due to an apparent reduction in permeability to these drugs are widespread (3) . In addition, P. aeruginosa is an organism that only grows by using electron transport to oxygen or nitrate to energize the cell membrane. These have been shown to be the most effective energy sources for Sm and Gm transport. Three mutant phenotypes were detected showing apparent reduced permeability to Gm. The results of an extensive characterization of one of these are reported here.
MATERIALS AND METHODS
Bacterial strains. Bacterial strains, R-factors, and sex factors are given in Table 1 .
Media. Media used were citrate minimal medium (CMM) (19) supplied with required amino acids, nutrient broth (NB) (BBL Microbiology Systems), Trypticase soy broth (TSB) (BBL Microbiology Systems), and trypic soy agar (TSA) (Difco). Anaerobic growth was in an anaerobic jar with a GasPak (BBL Microbiology Systems).
Mutant isolation. Ethyl methane sulfonate (0.1 ml) was added to 10 ml of an exponential-phase culture of P. aeruginosa PA0503 in CCM. This was incubated at 37°C for 60 min. The preparation was centrifuged, resuspended to a density of an absorbance of 0.1 at 600 nm in CMM and incubated for 2 h at 370C.
Portions of undiluted and diluted culture were plated onto CMM agar with 12 (13) .
Ribosomal binding of DHS and assays for aminoglycoside inactivation. Ribosomal binding of dihydrostreptomycin (DHS) and assays for aminoglycoside inactivation have been described elsewhere (4) . Uptake of DHS, amino acids, and glucose. Uptake of DHS and Gm was determined as previously described (5, 6, 9) with NB and CMM media. Uptake of glutamine, proline, spermidine, and arginine was performed on exponential-growth-phase cells grown in CMM. Cells were washed twice with CMM (minus citrate) and resuspended at 37°C to 2 x 108 cells per ml in 4 ml of CMM with chloramphenicol (300 ,g/ml) and incubated for 2 min. The '4C-amino acid spermidine or glucose was added, and portions (0.5 ml) were filtered on nitrocellulose filters (0.2 ,um, Millipore Corp.) and washed with 5 Mapping of aminoglycoside resistance. Plasmid R68.45 was introduced into PA02401 from PA025(R68.45) by selection for methionine auxotrophy and carbenicillin (500 ,ug/ml) resistance. PA02401(R68.45) was conjugated with PA0227 Strr, and recombinants were selected on 500 jig of Sm per ml and minimal medium supplemented with five of six amino acids (see Table 3 ) required by PA0227 Strr. One hundred recombinants for each selected marker were scored for coinheritance of Gm resistance (20 ,ug/ml). A second cross of PA02401(R68.45) x PA0643 was performed selecting for the markers given in Table 3 . These crosses indicated that the aminoglycoside resistance locus was between pro-64 at 4 min and car-9 at 9 min and that there was very high linkage to ilvB,C at 8 min. Transduction with F116L using PA0641 was carried out. Aminoglycoside resistance was 50% cotransducible with ilvB,C, demonstrating the mutation is in the 8-min region. The Gm-resistant transductants of PA0641 designated PA02408 had identical properties to PA02401 with respect to aminoglycoside resistance, inability to grow anaerobically, and reduced growth rate.
Ribosomal binding of Sm and inactivation of Sm and Gm. Ribosomes prepared from PA0503, PA02401, and PA02404 bound about 0.85 molecules of DHS per ribosome. Cell-free extracts of these strains did not inactivate Gm or Sm. It is unlikely that a single ribosomal mutation would result in the broad aminoglycoside resistance shown by PA02401 or that enzymic inactivation of the aminoglycosides would be acquired by mutation. However, both of these changes has been shown to alter DHS and Gm uptake, and they should be excluded before measuring uptake.
Uptake of DHS and Gm. Strain PA02401 has significantly reduced uptake of DHS (10 ,tg/ ml) in NB ( Fig. 1) and Gm (5,ug/ml) in NB (Fig. 2) compared with PA02404 and PA0503. A similar reduction of Gm (50 ,tg/ml) and DHS (50 ,ug/ml) uptake in CMM for PA02401 compared with PA0503 and PA02404 was also found. 
(@---), PA0417 (A A), and PA0417-T2 To exclude changes in the outer membrane and peptidoglycan as a cause for aminoglycoside resistance in 2401, Gm uptake was measured in spheroplasts of PA0503 and PA02401. The results as shown in Fig. 2 demonstrate that spheroplasts of PA02401 retain the reduced transport capability for Gm compared with spheroplasts of PA0503 seen in whole cells. Spheroplasts were prepared as described (9) with 0.25 mM EDTA.
The preceding results demonstrate that PA02401 accumulates Gm and DHS less effectively than PA0503 and PA02404. The difference in transport cannot be ascribed to differences in cell wall, ribosomal affinity for DHS, or inactivation of DHS or Gm.
Transport of other compounds. To determine whether the transport deficiencies for Gm and DHS were indicative of a general transport defect, accumulation of several other compounds was measured. These included proline (proton motive force-dependent transport in Escherichia coli); glutamine (ATP-dependent transport in E. coli); the positively charged amino acid arginine; a polyamine, spermidine (a streptomycin-induced polyamine transport system has been postulated) (14) ; and glucose. The results portrayed in Fig. 3 to 5 show that under conditions where Gm and DHS transport is reduced in PA02401, no significant reduction in transport rates is seen for any of the above compounds. Thus, the transport defect in PA02401 is not one resulting in generalized transport deficiency.
Glutamine transport rates were slightly greater in PA02401 than PA0503. The transport of glucose in minimal medium with no additional energy source was less in PA02401 than that in PA0503 (data not shown). With an additional energy source as in NB (Fig. 5) , no difference was seen. It is probable that PA02401 has a reduced level of endogenous energy reserves.
Components of electron transport and energy coupling. The suggested this mutant was defective in electron transport. A series of investigations were carried out to assess most of the parameters of electron transport and energy coupling. The results provided in Table 4 show that no significant differences were detected between PA0503 and PA02401 in assays for succinic and NADH dehydrogenases, ubiquinone content, and Mg2"/ Ca2"-dependent membrane ATPase. Both strains coupled energy from electron transport to ATP synthesis as shown by measurement of starved whole-cell ATP synthesis and determination of P:O ratios with isolated cytoplasmic membranes ( Table 5) .
Cytochrome spectra of air-oxidized versus dithionite-reduced cells (Fig. 6) showed that the cytochrome c a band at 552 nm and the ,B band at 523 nm were markedly diminished in PA02401. These findings illustrate that the absorbtion maximum at 552 nm in PA02401 is less than 5% of that in PAO503. Thus, cytochrome cs52 is absent or markedly diminished in PA02401.
Oxygen consumption by isolated membrane of PA02401 is reduced in rate relative to the parental or revertant strains. In addition, con- MICs for these drugs in the presence of modifying enzymes compared to PA0503. The results in Table 2 show this prediction is met. pLB130 specifies phosphorylation of Sm and acetylation of Gm. pLB151 specified adenylylation of Sm, Gm, and tobramycin and,B-lactamase-mediated hydrolysis of carbenicillin. MICs for the appropriate aminoglycosides are elevated in R+ PA02401 relative to R+ PA0503. No increase in resistance level to carbenicillin was detected. Aminoglycoside susceptibility in a strain with increased Nar activity. P. aeruginosa PA0417-T2 was isolated as insensitive to aeruginocin 41 (AR41) and found to have at least fourfold-increased susceptibility to the aminoglycoside antibiotics streptomycin, kanamycin, Gm, tobramycin, sisomicin, lividomycin, and amikacin.
This mutant has not been accurately mapped or shown to involve a single mutation. However, it is interesting in that it has about an eight-to ninefold increase in Nar activity ( Table 7) . The mutant shows no change in succinate and NADH dehydrogenase and Mg2"/Ca2" membrane ATPase. The mutant PA0417-T2 has 3.2 X 10-4 nmol of ubiquinone per mg of protein about 50% higher than the parent PA0417 (2.2 X 10-4 nmol/mg of protein). Parent and mutant show coupling between electron transport and ATP synthesis by both starved whole-cell ATP synthesis and P:O ratios (0.15).
PA0417-T2 accumulates more DHS at a concentration of 5 jig/ml than does PA0417. Similarly PA0417-T2 shows enhanced uptake of proline (Fig. 4B) . PA0417-T2 produces a brown pigment not detected in the parent. The pigment is probably identical to that described by Mann in wild-type P. aeruginosa (18) . It obscures cytochrome absorbtion spectra so that evaluation of cytochromes could not be carried out. It is probable that the pigment can act as an electron carrier in electron transport.
DISCUSSION
The mutation in PA02401 most likely involves a single gene in view of the high reversion frequency and transducibility of the phenotype. It is probable that a component common to cytochrome C522 and the dissimilatory nitrate reductase (Nar) is either not formed or formed in a markedly reduced amount in PA02401. Fewson and Nicholas have previously shown that the nitrate reductase complex from P. aeruginosa contains cytochrome c (11) which is consistent with this interpretation. The reduced oxygen consumption and relative resistance to KCN of oxygen consumption with succinate or NADH indicates a change in the nature of the predominant cytochrome oxidase used by PA02401. It is likely that PA02401 is principally using the nitrite:02:oxidoreductase generally detected in anaerobically or glucose-grown P. aeruginosa. This complex contains cytochrome d and a distinct cytochrome c. In general, cytochrome oxidases containing cytochrome d are relatively more resistant to inhibition by KCN (15 ings are consistent with a previous proposal (7) that Sm and Gm cross the cytoplasmic membrane bound to a membrane component involved in membrane energization from electron transport. We are not aware of a conventional transport system specifically coupled to terminal electron transport. This view is supported by the observations that proline, arginine, glutamine, spermidine, and glucose transport is similar in PA0503 and PA02401. Sm, Gm, and probably other aminoglycosides are most likely transported into cells as strong cations at physiological pH values. Little other structural requirement seems taken into account (7) . Divalent cations in concentrations as low as 0.02 mM are effective antagonists of Sm and Gm transport. The antagonism by divalent cations is not specific and is not consistent with an effect on a single transport system. At higher concentrations monovalent cations antagonize transport, as does argine (7).
Holtje has shown that the acceleration of Sm transport which occurs after Sm binding to ribosomes (EDP-II in our terminology [6] ) is associated with an acceleration of transport of some polyamines. This has been proposed as due to an induced polyamine transport system. However, polyamines do not induce this transport system (14) . An alternative explanation for EDP-II is that there is a general acceleration of transport of strongly cationic compounds resulting from an increase in the cross-membrane electrical potential (see below). It is likely that such compounds enter cells driven primarily by the membrane potential (AO) (interior negative) component of the cellular proton motive force. The latter explanation is favored by the observation that acceleration. of transport of other aminoglycosides and arginine occurs at the same time (L. E. Bryan and S. Kwan, unpublished data). In addition the rate of EDP-II is strongly antagonized by Mg2", Ca2", Co2+, and Mn2 . The evidence supplied from the study of PA02401 shows that there is no change in the rate of spermidine transport, which argues against the specific use of a polyamine transport system. Based on these studies and additional studies by our laboratory as well as that of others (14) , the model previously proposed for aminoglycoside transport (7) can be refined as follows. Sm and Gm exist as strong cations at physiological pH. As such they bind to anionic sites on the cell surface (energy-independent binding [6] ).
These include negatively charged polar heads of cytoplasmic membrane phospholipids (9) . After binding to polar phospholipids, Sm and Gm associate with membrane "transporters" on the basis of their positive charge but otherwise nonspecifically and are driven across the cytoplasmic membrane by the membrane potential (interior negative) (energy-dependent transport).
The transporters are most effectively linked with terminal electron transport particularly cytochrome oxidase and nitrate reductase. The nature of the transporters cannot be absolutely defined. They are very unlikely to be a single, specific transport carrier. The major probabilities are that transporters are a component of the cytoplasmic membrane used by terminal electron transport to energize the membrane (and perhaps to translocate protons). There is evidence suggesting these are respiratory quinones (7) (L. E. Bryan and S. Kwan, unpublished data). Another set of candidates which could act as the Sm and Gm transporters are transport carriers for a variety of cationic compounds, including polyamines. The specificity and affinity of the transporters for aminoglycosides are known to be poor.
The driving force for Sm and Gm transport, based on their cationic character, is probably AO (12) . It is a well established observation that the activity of Sm and Gm is highly dependent on pH. This is understood in terms of the above proposal. Cellular proton motive force is considered a function of both a proton gradient (ApH) and electrical potential (AO) across the cytoplasmic membrane. The ApH is reduced when extracellular pH is elevated and the major component of the driving force is A+. In terms of aminoglycoside transport, the increase in AO provides a greater driving force for Sm and Gm entry. The reverse situation occurs under acidic conditions. As shown by previous investigations as well as here, with PA0417-T2, an increase in the rate of Sm and Gm entry is associated with enhanced Sm and Gm susceptibility. We In summary Sm and Gm transport requires two major components. (i) Anionic transporters charged most effectively by cytochrome oxidase which exist in the cytoplasmic membrane and act to bind Sm and Gm on the basis of their positive charge, but otherwise nonspecifically. Transporters are most likely reduced quinones, or other as yet undefined proteins involved in membrane energization from electron transport. Also possible but less likely would be carriers for various cationic compounds.
(ii) An electrical potential (Aip) with the cell interior being negative and that the transport rate of Gm and Sm is governed by the magnitude of A4'. Mutant PA02401 would be transport defective for Sm and Gm because of reduced cytochrome oxidase activity and a reduced rate of reduction of the transporter.
